The absolute power of the Linac Coherent Light Source pulses has been measured accurately in the hard X-ray beamline by using simultaneously two detectors:
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INTRODUCTION
Free electron lasers (FELs) such as the Linac Coherent Light Source (LCLS, Menlo Park, USA) are pulsed sources of X-rays with unprecedented properties: short pulse duration, nearly full transverse coherence but most importantly massive peak power. These properties have already proven to be valuable tools to contribute to investigating problems in many and diverse areas of science. 4 FEL pulses are typically generated through the self-amplified spontaneous emission (SASE) process, which statistical nature leads to pulse-to-pulse fluctuations in terms of spectrum, intensity, position, and timing. Therefore, beam diagnostics capable of characterizing properties for each shot are crucial for not only accurately analyze experimental results but also guide the experiment while it occurs. Various beam intensity diagnostics have been developed and evaluated for FEL beams such as fluorescence based gas monitors, 5 X-ray Gas Monitor Detectors (XGMD) using the photoionization of a gas, 2 transmissive back-scattering X-ray monitor from thin foils, 6, 7 transmissive thin diamond X-ray monitor, 8 and calorimeter. Here we report on the characterization of Intensity-Position Monitors (IPM) and (commercial) laser Power Meter (PM) for providing the absolute pulse power concurrently with measurements with an XGMD in the hard X-ray range of LCLS.
1 IPMs, which provide a relative power measurement through measuring the X-ray back-scattered from thin foils, are typically permanently installed as an online (i.e., transmissive) monitor at LCLS. Also, four different commercial PMs are evaluated as a potential "portable diagnostics" (i.e., offering the possibility to be placed in any location of interest at the beamline) to provide a measurement of the FEL absolute power in the hard X-ray regime.
EXPERIMENTAL SETUP
The experiment was performed at the X-ray Pump-Probe (XPP) instrument 10 at the LCLS. 11 A schematic of the experimental setup is shown in Fig. 1 . The hard X-ray beam is generated from a fixed-gap undulator with the SASE process. It then propagates to the instrument by being first reflected from a set of two Hard X-ray Offset Mirrors (i.e., Hard X-ray Offset Mirror System, HOMS), 12, 13 to suppress higher-order harmonic and bremsstrahlung above 25keV. The XPP instrument solid attenuators consist of a set of ten silicon foils of different thicknesses. These can be inserted individually or as a combination of them, based on the level of attenuation required for a specific X-ray photon energy. At XPP, users specify which transmission level is expected, and the control software will select the nearest transmission reachable by using any combination of foil thicknesses automatically. The Intensity-Position Monitors (IPM) measure a transmissive back-scattered intensity from a thin target by four diodes, which are arranged in quadrants. 6, 7 It provides a measurement of the relative intensity (and position) of individual X-ray pulses. The configuration of the IPM used in our experiment was 0.2µm of Si3N4 as a target and 620pF gain for the readout electronics .
14 The X-ray Gas Monitor Detector (XGMD), provided by the Deutsches Elektronen-Synchrotron (DESY, Hamburg, Germany), measures single-shot X-ray absolute power by counting ions of rare gas atoms (i.e., xenon) at a pressure of ≈ 10 −2 Pa. 2 The XGMD was cross-calibrated with a radiometer. 1 Commercial pyroelectric optical laser power meter heads (Coherent: J-10MB-HE) were purchased. These are coated with black paint and have a 10mm active area. They are typically expected to function for powers ranging from 10µJ up to 20mJ. Their output is from a power meter controller(Coherent, LabMax-TO). The measurement was performed on four individual heads that have the same manufacture characteristics. The experiment was performed with hard X-rays ranging from 7keV up to 9.5 keV, with a nominal electron charge of 180 pC, 40 fs pulse length, 120 Hz repetition rate, and in SASE lasing conditions.
ATTENUATOR CALIBRATION
In order to characterize each detector over a large range of X-ray power, we used solid attenuators. Each Silicon foil can present a thickness variance as compared to the one provided by the manufacturer. Figure. 2.(a) shows the average X-ray power measured by the XGMD at two different X-ray photon energies, that are normalized with the transmission calculated from the nominal thickness of the foils. For both X-ray photon energies, we observed strong variations as a function of the nominal thickness instead of an expected constant. We, therefore, use the experimental data at various hard X-ray photon energies to retrieving the effective thickness of all foils involved in providing various levels of transmission; thus allowing us to calibrate the individual foil thickness. The results are summarized in table 1 where for 7keV X-rays the combination of foils is described, the nominal Figure 2 . Average XGMD measurements normalized by the transmission using the a) nominal foil thickness and b) calibrated foil thickness total foil thickness and transmission are provided, and the outcomes of the calibration procedure are provided both in terms of effective transmission and deduced combined thickness. The calibrated transmission are used to generate Figure. 2. (b) that now present a constant behavior as expected within the error bars. By using various combinations of foils, one can then achieve the effective thickness of individual foil as displayed in Table 2 . The deviation between nominal and effective thickness ranged from 4% up to 22%. Table 1 . Foils combinations with various attenuation levels at EX-ray = 7 keV, Symbol X indicates which individual foils are used for each combination. The transmission and total equivalent Silicon thickness are provided for this X-ray photon energy both from the nominal values but also the calibration procedure.
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IPM CHARACTERIZATION
In order to characterize the IPM, the measurements were performed from 7 to 9.5 keV with various attenuation levels. Figure 3. (a) shows the correlation of the measurement at 9 keV from the IPM as a function of the XGMD signal. The XGMD data are corrected to reflect the same level of power at the IPM position (i.e., correcting by the X-ray transmission of all components located between the IPM and XGMD). This was performed in "pink beam", thus using the full spectrum of the first harmonic. The solid line shows a fit to the data showing appreciable linearity of response of both detectors. The results of the linear fit for all energies are provided for converting from IPM output to pulse power (µJ) in Table 3 . Figure. 3.(b) shows the relative linearity of both detectors (i.e., IPM signal converted from Volts to power and then normalized by the value of XGMD) as a function of the XGMD signal. In order to characterize quantitatively these results, Fig. 3.(c) provided the standard deviation σ (i.e., as obtained from a Gaussian fit of the data distribution on intervals of XGMD powers) of the data presented in Fig. 3. (b) . It indicates that the degree of linearity (i.e., inversely proportional to σ) increases as a function of the signal strength and reaches levels better than 4 % for powers larger than 40µJ. Table 3 . Summary of linear fitting parameters to convert from IPM output (Volts) to pulse power(µJ) for X-ray photon energies from 7 keV up to 9.5 keV.
E X-ray (keV) Slope Intercept 7 261.9 -12.3 8 278.9 -1.9 9 378.2 -2.1 9.5 431.1 0.75
CHARACTERIZATION OF COMMERCIAL LASER POWER METERS
Measurements with commercial laser power meters (PM) were performed for X-ray photon energies from 7 keV to 9.5 keV with various attenuation levels. PM signal subtracted a background noise and then corrected for the contribution of absorption of optical components between the XGMD and the PM. These corrections did consider the presence of the third harmonic in the incident beam. The harmonic ratio between the third and first harmonic in the full incident beam has been measured to be below 0.5% in this X-ray photon energy range as described in Reference. 1 The range over which all PM heads and its controller did not present any saturation was below output values of 300 µJ. This configuration corresponds to an incident pulse of power below 100 µJ as measured by the XGMD. Table. 4 for this X-ray photon energy but also for 8, and 9.5keV. The table also presents the results when measuring with different power meter heads (i.e., PM2, 3, and 4). For a given X-ray photon energy we do observe that the three Power meter heads 1, 2, and 3 present very similar responses. However, PM4 shows a difference response of nearly 15% as compared to the other power meter heads. Whereas there is no firm explanation of this discrepancy, these results indicate that some of the PM heads can slightly change in terms of their performance, as a possible result of changes in their manufacturing processes. It most importantly informs that each power meter head should be properly calibrated against a calibrated detector such as the XGMD before being used as an absolute power diagnostic. Similarly to the analysis performed with the IPM which results are displayed in Fig. 3, Fig. 4 presents the results of such analysis for the power meter head PM1. Once again this diagnostics presents good linearity, which for incident signals larger than 30µJ ( i.e., as measured by the XGMD) provides a degree of linearity better than 4% Table 4 . Summary of linear fit parameters to convert from output of four different laser power meter (µJ) to X-ray pulse energy(µJ) from 7 keV to 9.5 keV. 
SUMMARY
We characterized the performance of one of the XPP instrument diagnostics (IPM) which is permanently installed at the beamline and is used in a transmissive way. We most importantly were able to derive a conversion of its signal in units of absolute power. These will help to provide an estimate of the absolute incident power for all XPP experiments within this X-ray photon energy range and experimental conditions. We also demonstrated the feasibility of using a commercial laser power meter as an absolute diagnostic for measuring the power of the beam. These provide the advantage that they can be used at various locations along the experimental setup; i.e., it is a portable diagnostic. However, each power meter head needs to be properly calibrated with X-rays against another detector such as the XGMD.
